Head and neck squamous cell carcinoma (HNSCC) has a proclivity for locoregional invasion. HNSCC mediates invasion in part through invadopodia-based proteolysis of the extracellular matrix (ECM). Activation of Src, Erk1/2, Abl and Arg downstream of epidermal growth factor receptor (EGFR) modulates invadopodia activity through phosphorylation of the actin regulatory protein cortactin. In MDA-MB-231 breast cancer cells, Abl and Arg function downstream of Src to phosphorylate cortactin, promoting invadopodia ECM degradation activity and thus assigning a pro-invasive role for Ableson kinases. We report that Abl kinases have an opposite, negative regulatory role in HNSCC where they suppress invadopodia and tumor invasion. Impairment of Abl expression or Abl kinase activity with imatinib mesylate enhanced HNSCC matrix degradation and 3D collagen invasion, functions that were impaired in MDA-MB-231. HNSCC lines with elevated EGFR and Src activation did not contain increased Abl or Arg kinase activity, suggesting that Src could bypass Abl/Arg to phosphorylate cortactin and promote invadopodia ECM degradation. Src-transformed Abl À / À /Arg À / À fibroblasts produced ECM degrading invadopodia containing pY421 cortactin, indicating that Abl/Arg are dispensable for invadopodia function in this system. Imatinib-treated HNSCC cells had increased EGFR, Erk1/2 and Src activation, enhancing cortactin pY421 and pS405/418 required for invadopodia function. Imatinib stimulated shedding of the EGFR ligand heparin-binding EGF-like growth factor (HB-EGF) from HNSCC cells, where soluble HB-EGF enhanced invadopodia ECM degradation in HNSCC but not in MDA-MB-231. HNSCC cells treated with inhibitors of the EGFR-invadopodia pathway indicated that EGFR and Src are required for invadopodia function. Collectively, our results indicate that Abl kinases negatively regulate HNSCC invasive processes through suppression of an HB-EGF autocrine loop responsible for activating a EGFR-Src-cortactin cascade, in contrast to the invasion promoting functions of Abl kinases in breast and other cancer types. Our results provide mechanistic support for recent failed HNSCC clinical trials utilizing imatinib.
INTRODUCTION
Head and neck squamous cell carcinoma (HNSCC) is an aggressive disease characterized by extensive locoregional invasion and cervical lymph node metastasis. 1, 2 Overexpression of epidermal growth factor receptor (EGFR) is common in HNSCC and correlates with enhanced invasion and nodal involvement. [3] [4] [5] [6] EGFR inhibition as adjuvant therapy in HNSCC increases survival, highlighting the importance of downstream EGFR signaling pathways in HNSCC progression. 7 Downstream EGFR signaling cascades in HNSCC that promote invasion and metastasis utilize Src, Erk, PI3 kinase, Akt and STATs, [8] [9] [10] [11] supporting a role for EGFRgenerated signals as important regulators of invasion promoting pathways in HNSCC.
Src kinase activation within the EGFR pathway is critical for driving tumor invasion. 12, 13 Elevated Src expression and activity is frequently found in HNSCC and other tumor types, where it has become a focus for targeted therapeutic design. 14, 15 While Src-targeted drugs have been developed and demonstrate anti-invasive properties in preclinical studies, [16] [17] [18] [19] recent phase II trials demonstrate virtually no benefit for HNSCC patients with monotherapeutic Src inhibitor treatment. 19, 20 While combination therapy with receptor tyrosine kinase inhibitors increases efficacy, [21] [22] [23] a clearer mechanistic understanding of how Srcbased signaling governs HNSCC invasion is needed for the development of improved therapeutic strategies.
In carcinomas, Src activation results in the formation of invadopodia, actin-rich membraneous protrusions responsible for extracellular matrix (ECM) proteolysis, allowing tumor cells to infiltrate the stroma and vasculature. 24, 25 Src kinase activity regulates the cyclic development of non-degradative (preinvadopodia) and active (mature) invadopodia. 24, 25 Maturation of preinvadopodia involves recruitment and activation of matrix metalloproteinase MMP-14 to initiate ECM degradation. [26] [27] [28] Invadopodia maturation also involves increased F-actin polymerization responsible for driving plasma membrane protrusion. 24, 25, 29 A prominent component of the invadopodia F-actin core is cortactin, an F-actin-binding protein that activates the actin-related protein (Arp)2/3 complex to stimulate branched actin polymerization. [30] [31] [32] [33] Cortactin binds neuronal N-WASp (Wiskott-Aldrich syndrome protein), a second activator of Arp2/3 complex following phosphorylation of cortactin S405 and S418 by Erk1/2. [33] [34] [35] Cortactin modulates shifting of pre-to mature invadopodia through phosphorylation of two Src-targeted tyrosine residues (Y421 and Y470 in humans). 27, 28, 36 Y421 and Y470 phosphorylation results in SH2-dependent recruitment of the adaptor protein NCK1, which in turn binds and activates N-WASp to promote additional Arp2/3 activation. 28, [37] [38] [39] Along with tyrosine phosphorylation, cortactin domains that bind Arp2/3 and N-WASp are also required for invadopodia formation, collectively highlighting the importance of cortactin in invadopodia biogenesis and regulation. 28, 40, 41 The Abelson kinases Abl and Arg regulate actin cytoskeletal remodeling during motility and invasion. [42] [43] [44] While Abl regulation of leukemic tumorigenesis is well established, 45, 46 Abl activity in solid tumors promotes multiple aspects of neoplastic progression, including increased invasion and metastasis. [47] [48] [49] [50] Activation of Abl and Arg downstream of EGFR and Src leads to direct cortactin phosphorylation at Y421 and Y470 responsible for invadopodia maturation in breast cancer and melanoma cell lines. [51] [52] [53] [54] [55] In particular, Src-mediated activation of Arg and subsequent cortactin tyrosine phosphorylation has led to the proposal that Arg is the terminal kinase responsible for cortactin tyrosine phosphorylation required for invadopodia maturation. 51, 56 Since invasive HNSCC typically contains elevated EGFR and Src activity, we postulated that downstream activation of Abl kinases may regulate invadopodia through cortactin phosphorylation in this tumor type. Paradoxically, we show that elimination of Abl expression results in enhanced invadopodia-based gelantinase activity in multiple HNSCC cells lines but not in MDA-MB-231 cells. Inhibition of Abl family kinase activity with imatinib mesylate (STI571; Gleevac) in HNSCC cells resulted in enhanced invadopodia maturation and cell invasion, whereas these processes were impaired in MDA-MB-231. Analysis of EGFR signaling indicates that EGFR and Src are hyperactivated in HNSCC compared with MDA-MB-231 cells. Introduction of active Src into Abl À / À /Arg À / À cells induced invadopodia formation, ECM matrix degradation and cortactin tyrosine phosphorylation, suggesting that elevated Src activity can bypass the requirement for Abl or Arg in invadopodia maturation. Imatinib treatment of HNSCC cells resulted in dose-dependent activation of EGFR, Src and Erk1/2, resulting in elevated cortactin tyrosine and serine phosphorylation absent in treated MDA-MB-231 cells. Imatinib enhanced production and shedding of the EGFR ligand heparin-binding EGF-like growth factor (HB-EGF) in HNSCC cells, where soluble HB-EGF stimulated HNSCC ECM degradation. Inhibition of Src and Abl kinases with the dual specificity drug saracatinib suppressed EGFR activation and ECM degradation in HNSCC, suggesting that Src is responsible for mediating the pro-invasive signals resultant from imatinib-mediated Abl family kinase inactivation. Our results indicate that in HNSCC Abl kinases serve to suppress invadopodia formation and tumor cell invasion by downregulating autocrine HB-EGF activation of the EGFR-Src-cortactin signaling pathway, in contrast to the pro-invasive function of Abl and Arg in breast and other solid tumors. These results suggest that Abl kinase function in cancer invasion is context dependent, providing molecular insight into the mechanism behind the recent failure of clinical trials with imatinib in HNSCC patients. 57 
RESULTS

Abl expression suppresses invadopodia activity in HNSCC cells
Since HNSCC cells form invadopodia 36, 58 and Abl kinases mediate invadopodia function in other tumor types, 51, 53, 55 we evaluated the role of Abl in HNSCC invadopodia formation and function. HAtagged Abl localized within UMSCC1 invadopodia ( Figure 1a ) and in Src-expressing 1483 cells (Supplementary Figure 1a) , implying a functional role. This was investigated by knockdown of Abl expression using RNAi (RNA interference). Stable UMSCC1 clones expressing an Abl-specific short hairpin RNA (shRNA2 and 3) reduced Abl expression by 65% compared with controls (Ctl2 and 8) (Figure 1b) . Expression of wild-type (WT) murine Abl in shRNA cells restored expression to endogenous levels (WT5 and 6). Abl knockdown resulted in a 44% increase in gelatin degradation compared with control (Ctl) and WT lines (Figures 1 c  and d ) without affecting the number of cells degrading ECM or the number of invadopodia per cell (Supplementary Figures 1b  and c) . Abl knockdown in MDA-MB-231 cells did not impact matrix proteolysis (Supplementary Figures 2a-c) , in agreement with previous results. 51 These data suggest that Abl expression negatively regulates invadopodia function in HNSCC cells, as opposed its invadopodia promoting role in other tumor cell types. 51, 53, 55 Imatinib treatment enhances HNSCC invadopodia activity To determine if Abl kinase activity was responsible for the negative regulatory effects on invadopodia function in HNSCC cells, OSC19 and UMSCC1 cells were treated with the Abl family kinase inhibitor imatinib mesylate. Analysis of Crk phosphorylation confirmed partial inhibition of Abl kinase activity in imatinibtreated lines (Figure 2a ). Imatinib treatment resulted in a dosedependent increase in OSC19 and UMSCC1 ECM degradation, demonstrating a net 2.5-to 3.0-fold enhancement observed at the highest tolerated concentration (15 mM) (Figures 2b-e) . In contrast, MDA-MB-231 cells treated with imatinib resulted in a 70% reduction in matrix proteolysis (Figures 2d and e) . The effects on treated HNSCC and MDA-MB-231 cells is likely Abl family kinase specific, since the alternative imatinib target platlet-derived growth factor receptor is not expressed in these lines (Supplementary Figure 3) . These data indicate that imatinib impairment of Abl family kinase activity in HNSCC relieves the inhibitory effect of Abl on invadopodia function, promoting ECM degradation.
Imatinib treatment stimulates HNSCC invasion To determine if imatinib-enhanced HNSCC invadopodia activity corresponds with increased invasive behavior, 3D invasion assays were conducted using tumor spheroids embedded in collagen I. OSC19 and UMSCC1 cells treated with 10 mM imatinib resulted in enhanced invasion, whereas invasion of imatinib-treated MDA-MB-231 cells was inhibited after 24 h (Figures 3a-c) . Average invaded distances were increased by 100 mM for OSC19 and 204 mM for UMSCC1 cells, while MDA-MB-231 invasion was suppressed by 47 mM (Figure 3d ). These results indicate that imatinib treatment has opposing effects on tumor cell invasion, enhancing HNSCC cell invasion while impairing the invasiveness of MDA-MB-231. Figure 4a) . EGF stimulation of WT MEFs demonstrated a threefold increase in cortactin pY421 over nonstimulated controls, whereas stimulated DKO cells showed a 1.5-fold increase over basal levels ( Figure 4b ). While these results confirm that Abl and Arg contribute to cortactin tyrosine phosphorylation, they also indicate that additional cortactin tyrosine kinases are utilized downstream of EGFR. To determine if activated Src promotes invadopodia formation independent of Abl and Arg, WT and DKO cells transfected with activated Src (527F) were assayed for cortactin tyrosine phosphorylation, invadopodia formation and ECM proteolysis. DKO cells expressing 527F Src contained abundant invadopodia with pY421 cortactin that degraded ECM, similar to 527F Src-transformed WT cells (Figure 4c ). The ability of DKO cells to degrade gelatin matrix was dependent on Src kinase activity, since kinase inactive Src (K295M) failed to promote matrix proteolysis (Figure 4d ). Expression of 527F Src in DKO cells resulted in an 86% increase in matrix degradation area compared with 527F Src-expressing WT cells (Figures 4d and e; Supplementary Figure 4b (STI571) for 24 h, lysed and 25 mg of cell lysate analyzed by western blotting with anti-pY221 Crk to determine drug efficacy. The ratio of pY221 Crk phosphorylation to total Crk levels determined by densitometry is displayed between blots. Blots are representative from three to four independent experiments for each cell line. (b) OSC19, (c) UMSCC1 and (d) MDA-MB-231 cells were plated on Oregon Green 488-gelatincoated coverslips (pseudocolored white) in complete media for 1 h to allow attachment. Cells were then serum starved and treated with GM6001 (10 mM) and either imatinib (STI571) or DMSO vehicle (0 mM) concomitantly for 12 h. After GM6001 washout, cells were incubated with complete media containing 10% FBS for 12 h in the presence or absence of imatinib. Cells were fixed and labeled with an anti-cortactin antibody (green) and rhodamine-phalloidin (F-Actin; red) and visualized using confocal microscopy. Representative images showing cortactin/ F-Actin labeling and gelatin degradation for each line and indicated experimental condition are shown. Insets denote areas of invadopodia activity indicated by the presence of overlapping cortactin/F-Actin puncta that co-localize with dark regions of Oregon Green 488-gelatin clearing. Scale bars: 20 mm. (e) Quantification of Oregon Green 488-gelatin degradation for OSC19, UMSCC1 and MDA-MB-231 cells treated with the indicated imatinib (STI571) concentrations. Data from three independent experiments for each experimental condition are represented as mean±CI; ** Pp0.01. activity in Src-transformed mouse embryo fibroblasts, and that Abl and Arg are not essential for cortactin tyrosine phosphorylation or invadopodia formation downstream of active Src.
Imatinib treatment enhances activation of the EGFR-invadopodia signaling pathway in HNSCC To determine the basis for the differential regulation of invadopodia activity and invasion when Abl/Arg activity is suppressed in HNSCC and MDA-MB-231, cells treated with imatinib were evaluated for activation of EGFR and downstream invadopodia signaling components. Increased EGFR activation was observed in imatinib-treated OSC19 and UMSCC1 cells, whereas no increase was observed in MDA-MB-231 (Figure 5a ; Supplementary Figure 5a) . A corresponding activation pattern was found for Src and Erk. Imatinib ablated Crk pY221 phosphorylation in MDA-MD-231, indicating that Abl/Arg-based signaling was inhibited. Crk pY221 phosphorylation was partially impaired in imatinib-treated HNSCC lines (Figure 5a ) and was further downregulated when combined with the Src inhibitor SU6656 59 ( Supplementary Figure 5b) , suggesting that Crk is targeted by Src and Abl kinases in HNSCC.
Since Src and Erk regulate invadopodia in part by phosphorylating cortactin, 28, 36, 40 cortactin tyrosine and serine phosphorylation was evaluated in imatinib-treated HNSCC and MDA-MB-231 cells. The Erk-targeted cortactin residues S405 and S418 demonstrated elevated phosphorylation in imatinib-treated OSC19 and UMSCC1 cells, corresponding with increased Erk1/2 activation, while treated MDA-MB-231 cells did not demonstrate a substantial increase in cortactin phosphorylation (Figure 5b ). Imatinib stimulated cortactin Y421 phosphorylation in HNSCC cells (Figure 5c ), likely due to increased Src activation (Figure 5a ).
These data support activation of the EGFR-Src/Erk-cortactin pathway by imatinib in HNSCC cells that can bypass Abl/Arg inhibition to promote invadopodia activity and HNSCC invasion.
Imatinib stimulates HB-EGF synthesis and promotes HNSCC invadopodia activity Imatinib treatment of multiple HNSCC lines results in synthesis and secretion of the EGFR ligand HB-EGF, enhancing EGFR activity. 60 Lysates from imatinib-treated OSC19 and UMSCC1 cells contained increased HB-EGF compared with controls, whereas HB-EGF levels in MDA-MB-231 cells were unaltered (Figure 6a ). Conditioned media from imatinib-treated HNSCC cells contained increased soluble HB-EGF at levels 2.5-to 3.0-fold higher than from MDA-MB-231 cells (Figure 6b ). Addition of recombinant HB-EGF to cells at concentrations equivalent to HB-EGF levels in imatinib-treated conditioned media enhanced ECM degradation activity by 86% in OSC19 and 30% in UMSCC1 cells, but did not increase invadopodia activity in MDA-MB-231 cells (Figures 6c and d) . These results suggest that increased imatinib-induced HB-EGF expression and shedding by HNSCC cells produces an autocrine loop that stimulates EGFR activation responsible for enhancing invadopodia-mediated ECM proteolysis. À / À /Arg À / À double knockout (DKO) and wild-type (WT) mouse embryo fibroblasts (MEFs) were serum starved overnight, then stimulated with 100 ng/ml EGF for 15 min. Control and stimulated cells were lysed, and 50 mg of total protein assayed by immunoblotting with phosphorylation-specific antibodies against cortactin pY421 (Cort pY421) and total cortactin. The ratio of pY421 cortactin relative to total cortactin levels for each cell type and treatment are shown. (c) WT and DKO cells transiently expressing constitutive active Src (527F) were plated on Oregon Green 488-gelatin-coated coverslips for 12 h, fixed, and immunolabeled with anti-cortactin-pY421 (blue), anti-cortactin (green) and rhodamine-phalloidin (F-Actin; red). Cells and matrix were imaged by confocal microscopy. Insets show colocalization of pY421 cortactin within invadopodia at areas corresponding with clearing of Oregon Green 488-gelatin (pseudocolored white). DKO cells expressing GFP-tagged WT, 527F, kinase inactive (K295M) Src, co-expressing 527F Src and WT Abl or WT MEFs expressing 527F Src were assayed for the percentage of cells degrading the ECM (d) and for normalized matrix degradation per cell area (e). Data are represented as mean ± CI from three independent experiments. ** Pp0.01. matrix degradation by 50% (Figure 7a) . Similar results were obtained with SU6656, where 15 mM treatment resulted in a 65% decrease of the Src-targeted Y410 in p130CAS (Supplementary Figure 6b) and a 50% reduction in matrix degradation (Figure 7b) . Treatment of UMSCC1 cells with the dual Abl kinase/Src inhibitor saracatinib, 61,62 at 1 mM inhibited EGFR activity by 55%, Src activity by 93% and Abl/Arg activity by 97% (Supplementary Figure 6c) . ECM proteolysis was impaired by 80% (Figure 7c) . Furthermore, the enhanced ECM degradation activity in UMSCC1 cells with Abl knockdown (Figures 1b-d) was abrogated with 10 mM SU6656 (Figure 7d; Supplementary Figure 6d ). These data indicate that the enhanced matrix degradation activity promoted by targeted Abl kinase inhibition in HNSCC requires intact EGFR-Src signaling. Similar results were obtained with saracatinib in OSC19 and MDA-MB-231 cells (Supplementary Figures 7a-c) .
DISCUSSION
The effects of Abl-based signaling in solid tumors are currently controversial. Several studies have determined that Abl family kinase activity directly contributes to enhancing tumor proliferation, invasion and metastasis in breast and melanoma cell lines. 47, 48, 51, 53, 55 Abl family kinases also positively modulate tumorgenesis in gastric tumors 50 and non-small cell lung carcinoma. 49 On the other hand, recent reports indicate that suppression of Abl kinase activity by imatinib increases breast tumor growth, 63 invasion 64 and inhibits epithelialto-mesenchymal transition. 65 Imatinib also enhances thyroid cancer cell invasion. 66 While these tumor stimulating findings have been attributed to use of mutationally modified Abl constructs or non-physiological levels of imatinib, 53 our results comparing HNSCC lines with MDA-MB-231 cells indicate that Abl kinase inhibition by RNAi or clinically relevant imatinib concentrations yields opposite outcomes on tumor cell invasive events, suggesting that Abl kinases function to suppress HNSCC invasion by reducing invadopodia matrix degradation activity driven through the EGFR-Src-cortactin pathway.
Src activation is central to invadopodia formation and maturation, where phosphorylation of numerous downstream cytoskeletal proteins is required for invadopodia biogenesis and ECM proteolytic activity. 24, 25 Cortactin phosphorylation downstream of Src is involved in all stages of invadopodia formation. 28, 36, 37, 41 Src, Abl and Arg directly phosphorylate cortactin, 52, 67, 68 indicating that these kinases can promote cortactin-based Arp2/3 nucleation activity indirectly via NCK1 and N-WASp. Src can also phosphorylate and activate Abl and Arg downstream of EGFR and other growth factor receptors 54, 69 and recent work has shown that removal of Abl or Arg by RNAi prevents invadopodia formation in Src-transformed fibroblasts, MDA-MB-231 breast cancer and melanoma cell lines. 51, 53, 55 While these studies indicate that Abl and Arg are the key cortactin kinases responsible for cortactin tyrosine phosphorylation in invadopodia (Figure 8a ), we show that EGF stimulation of Abl/Arg-null (DKO) fibroblasts enhances cortactin tyrosine phosphorylation, indicating that Src and/or other EGFR-activated cortactin targeting kinases phosphorylate cortactin apart from Abl or Arg. Src-transformed Abl/Arg-null fibroblasts retain the ability to degrade ECM and contain tyrosine phosphorylated cortactin within invadopodia, demonstrating that Abl family kinases are not essential in this system for invadopodia function driven by cortactin tyrosine phosphorylation. Abl reexpression in DKO cells impaired Src-generated ECM degradation, confirming an inhibitory role for Abl in invadopodia maturation similar to that observed in HNSCC cells. These results indicate that elevated levels of Src activity commonly present in HNSCC lines 36 or due to ectopic expression of active Src forms can circumvent the requirement for Abl or Arg in regulating invadopodia activity through cortactin phosphorylation (Figure 8b) .
Imatinib-stimulated HNSCC invadopodia activity and invasion is likely due to increased activation of EGFR and associated downstream signaling, since imatinib treatment enhances EGFR, Src and Erk activation in HNSCC lines while having minimal impact on EGFR signaling in MDA-MB-231 cells. Imatinib treatment of HNSCC cells results in increased cortactin phosphorylation at Src-targeted Y421 and Erk-targeted S405/S418, phosphorylation events present within invadopodia required for ECM matrix degradation activity. 40, 70, 71 As in other HNSCC lines, 60 we observed that imatinib treatment increases synthesis and release of the EGFR ligand HB-EGF from OSC19 and UMSCC1 cells at imatinib generate an autocrine loop, where increased HB-EGF synthesis and shedding in turn binds and activates EGFR to stimulate Src and Erk activation, leading to elevated cortactin phosphorylation and enhanced invadopodia ECM degradation (Figure 8b ). HB-EGF induction of HNSCC invadopodia activity likely occurs in part through stimulation and secretion of MMP-9, 72, 73 which localizes with UMSCC1 invadopodia at sites of ECM degradation. 74 While our data are congruent with these findings, it is possible that other EGFR ligands may also be upregulated by Abl kinase suppression. The increased level of EGFR overexpression in HNSCC cells would render this tumor type more responsive to soluble HB-EGF than cell types that contain lower EGFR levels (for example, MDA-MB-231), which may be the underlying reason for the differential response to Abl knockdown, imatinib and HB-EGF in our analyzed cell lines. Whether such a scenario applies to other EGFR overexpressing cancers and/or tumor types that display pro-invasive behavior in response to Abl kinase suppression will be important to determine.
How Abl kinase inhibition promotes HB-EGF synthesis and shedding in HNSCC is unclear. In addition to cytoskeletal regulation, Abl is a nuclear kinase and work in Abl-null and imatinib-treated fibroblasts indicates that Abl functions to suppress NF-kB (nuclear factor-kB) activity through stabilization of the NF-kB regulator HDAC1. 75 Elevated NF-kB activity results in increased HB-EGF expression and EGFR activation, 76 providing a link between Abl activation and negative regulation of HB-EGF expression. High HB-EGF expression is linked to poor clinical prognosis in HNSCC 77 and low Abl expression in HNSCC correlates with late stage tumors with poor outcome, 78 supporting a potential connection between Abl activity and HB-EGF levels in driving HNSCC progression.
Pathway analysis with inhibitors of invadopodia signaling components confirmed that EGFR and Src activation in HNSCC is central to driving invadopodia-based ECM degradation. Simultaneous inhibition of Src and Abl kinases decreased matrix degradation by UMSCC1 and OSC19 cells, reinforcing the point that the elevated invadopodia activity in HNSCC resultant from Abl kinase inhibition requires concurrent Src activation. While preclinical studies on HNSCC lines has shown that saracatinib and the related inhibitor dasatinib impair cell invasion and display potent anti-tumor effects, 9, 17 phase II trials in HNSCC patients with either drug as a single agent yielded no benefit in spite of apparent Src inhibition. 79, 80 In contrast, a phase II trial with imatinib administered to HNSCC and NSCLC patients was closed early due to lack of efficacy and antagonistic effects, with a patient subset displaying a worse clinical outcome in response to imatinib. 57 While not directly evaluated, these results support a role for Src inhibition in counteracting the pro-invasive effects of Abl kinase that would result in increased patient tumor progression. Although some response has been achieved with imatinib in solid tumors with combination approaches, 79, [81] [82] [83] our results further emphasize the importance of careful patient selection and exclusion criteria for using imatinib or other Abl kinase inhibitors in HNSCC and other solid tumors that display similar characteristics.
We have determined that Abl kinases have a contextdependent role in regulating invadopodia function and tumor invasion. In HNSCC cells Abl serves to suppress invadopodia ECM degradation and tumor invasion by preventing HB-EGF synthesis and extracellular shedding, where it is capable of activating the EGFR/Src/cortactin signaling pathway to accelerate invadopodiabased ECM degradation and tumor cell invasion. This is in contrast to MDA-MB-231 cells, a cell line commonly used to analyze invadopodia and invasive signaling, where Abl kinase inhibition prevents invadopodia activity and impairs invasiveness. These results stress the need for further mechanistic insight into the signaling processes that regulate the pro-and anti-oncogenic roles of Abl in solid tumors in order to prevent detrimental effects of imatinib treatment in ongoing and future patient trials.
MATERIALS AND METHODS
Plasmid constructs
The lentiviral vector pLL5.0 84 was used for Abl knockdown by subcloning a shRNA targeting human Abl oligonucleotide, (5 0 GCTCCGGGTCTTAGG CTAT3 0 ;
85
) with HpaI and XhoI sites. For Abl knockdown-rescue experiments, the resulting vector was modified to encode a 6X-HA epitope tag using BamHI and SbfI sites. Human Abl cDNA was PCR amplified from pMSCV-puro Abl 86 and subcloned into EcoRI and BamHI digested pLL5.0 6X-HA. Src-GFP constructs (WT, 527F, and 295M) were used as described. 36 Cell culture, lentiviral infection and transfection UMSCC1, OSC19 and 1483 cells were maintained as described. 36 Abl À / À / Arg À / À , WT MEFs, NIH3T3 and HEK 293T/17 cells were cultured as before. 63 MDA-MB-231 cells were cultured in alpha Minimum Essential Media (Mediatech, Manassas, VA, USA) supplemented with 10% FBS (fetal bovine serum; Hyclone, Logan, UT, USA), and 1% penicillin-streptomycin.
UMSCC1 cells stably infected with pLL5.0 6X-HA, pLL5.0 6X-HA Abl shRNA or pLL5.0 co-expressing Abl shRNA and HA-tagged Abl were generated by puromycin selection following standard methods. 1483, Abl À / À /Arg À / À or WT MEF cells transiently expressing CMV-Src or HA-Abl constructs were transfected with the Nucleofector I device (Amaxa Biosystems, Berlin, Germany).
Western blotting, antibodies and immunoprecipitation
Western blotting of cell lysates was conducted as described. 74 Antibodies used were: anti-Src clone GD11 (1:1000; EMD Millipore, Billerica, MA, USA), anti-pY418 Src (1:1000; Invitrogen, Carlsbad, CA, USA), anti-p130CAS (1:1000; BD Biosciences, San Jose, CA, USA), anti-pY410 p130CAS (1:1000; Cell Signaling Technology, Danvers, MA, USA), anti-cortactin clone 4F11(1 mg/ml (86)), anti-pY421 cortactin (1:500; BD Biosciences), antipS405 cortactin (1:2000; (70)), anti-pS418 cortactin (1:500; (70)), anti-ERK1/2 clone C-14 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), antipERK1/2 (1:1000; Santa Cruz), anti-b-actin (1:10,000; EMD), anti-HA (1:200; Covance, Berkley, CA, USA), anti-Crk (1:1000; BD), anti-pY221 Crk (1:1000; Cell Signaling), anti-platelet-derived growth factor receptor (1:200; Cell Signaling), anti-EGFR (1:1000, BD), anti-pY1068 EGFR (1:1000; BD), anti-Arg (1:500; EMD), anti-HB-EGF (1:200; EMD) and anti-Abl clone 8E9 (1:500; BD). Blots were quantified as described. 74 Immunoprecipitation was conducted from cells lysed in RIPA buffer. 70 Clarified lysates (250 mg) were incubated with 5 mg anti-cortactin antibody 4F11 for 2 h at 4 1C. Immune complexes were captured by incubation with 30 ml Protein A/G beads (ThermoFisher Scientific, Rockford, IL, USA) for 1 h, washed with RIPA and analyzed by western blotting.
Invadopodia matrix degradation assays and fluorescence microscopy Cells were plated on Oregon Green 488-conjugated gelatin (Invitrogen, Grand Island, NY, USA) coated coverslips. 27, 87 In cases of inhibitor treatment, cells were allowed to attach for 1 h, then serum starved for 12 h in the presence of 10 mM GM6001 (Sigma-Aldrich, St Louis, MO, USA) and either imatinib mesylate (LGM Pharmaceuticals, Boca Raton, FL, USA), saracatnib (AstraZeneca, Alderley Park, Cheshire, UK), gefitinib (AstraZeneca) or SU6656 (EMD). Serum-free media was replaced with complete media containing 10% FBS and kinase inhibitors for 12 h. Cells were rinsed in PBS (phosphate-buffered saline), fixed in fresh 4% paraformaldehyde and labeled as described. 36 Primary antibodies used were anti-cortactin clone 4F11 (1:500), anti-cortactin EP1922Y (1:500; Novus Biologicals, Littleton, CO, USA), anti-cort-pY421 (1:500), anti-Src GD11 (1:500), anti-Abl clone 8E9 (1:200), anti-GFP (1:500; Invitrogen), and anti-HA (1:200). Primary antibodies were visualized using Alexa Fluor 405 and 647-conjugated goat anti-rabbit or anti-mouse secondary antibodies (1:2000; Invitrogen). F-actin was visualized using rhodamine-conjugated phalloidin (1:500; Invitrogen). Cells were mounted with ProLong Gold (Invitrogen) and images were acquired with a Zeiss LSM510 confocal microscope using AIM software (Carl Zeiss MicroImaging, Thornwood, NY, USA). Gelatin degradation was quantified as described previously. 87 In brief, X90 transiently transfected and X300 lentiviral infected or inhibitortreated cells evaluated for each condition. For therapeutic treatments and RNAi stable cell lines, the area of degradation and cell area was determined by analyzing the intensity of degraded gelatin or F-actin, respectively, in an entire field of view utilizing Image J software (available at http:// www.macbiophotonics.ca/imagej/). For transient transfections, the area of degradation and cell area was determined by Image J software on an individual cell basis. The number of invadopodia per cell (nX50) and number of cells degrading matrix (nX100) were determined or each independent experiment (n ¼ X 3). (MDA-MB-231) labeled cells were plated into individual wells for 48 h to form spheroids. Two spheroids were transferred to a microcentrifuge tube and centrifuged at 1000 g for 3 min. The media was aspirated and replaced with 500 ml of 2 mg/ml rat tail collagen I (BD). The spheroid mixture was transferred to an individual well of 24-well plate precoated with 400 ml solidified 2 mg/ml collagen I. Plates were incubated for 1 h at 37 1C then overlayed with 1 ml of complete media. Spheroid invasion was visualized by fluorescence microscopy (Zeiss, Axiovert 200M) to establish the central z axis (0 h) and imaged at 0 and 24 h by phase contrast microscopy. Spheroids were pretreated for 24 h and maintained in media with dimethyl sulfoxide (DMSO) vehicle or 10 mM imatinib. Maximal radial distances for invaded cells was calculated using Axiovision 4.6 software (Zeiss).
HB-EGF ELISA assays
HB-EGF-specific ELISA (enzyme-linked immunosorbent assay) was performed according to the manufacturer's protocol (Abcam, Cambridge, MA, USA). Cells were treated with imatinib (10 mM) or DMSO for 12 h, washed with PBS and incubated for 24 h in serum-free media with imatinib or DMSO. Conditioned media was concentrated to 500 ml, and 100 ml of media incubated overnight at 4 1C in HB-EGF antibody-coated microplate strips. Absorbance values were obtained at 450 nm with a Biotek Synergy H1 Hybrid Reader (Winooski, VT, USA). Standard curves were generated and results normalized to total cellular protein concentration for comparison across different cell lines.
Statistical analysis
Differences in mean values between groups were evaluated using Student's t-test and significance was determined at Po0.05. Scale bars represent confidence intervals (CI).
